Abstract The mechanism of thermal degradation of poly(furfuryl alcohol) (PFA) deposited on the MCM-48 mesoporous silica was studied. The behaviour of the thin PFA film homogeneously dispersed on the silica surface (the material with the real PFA/MCM-48 mass ratio of 0.06) was compared to that of the 3D structure of PFA completely filling the MCM-48 channels (the material with the real PFA/MCM-48 mass ratio of 1.02). The progress of decomposition was controlled by thermogravimetry accompanied by infrared spectroscopy providing information on the composition of gaseous products evolved during the sample degradation. The thermal treatment of PFA/ MCM-48 composites at various temperatures in the range of 523-1323 K enabled us to synthesize two series of PFAderived carbon adsorbents: (1) containing the degraded PFA film supported on the mesoporous silica and (2) CMK-1 type carbon replicas, which were obtained by leaching of SiO 2 from the PFA/MCM-48 composite after the previous pyrolysis. The structural and textural properties of these materials were determined by powder X-ray diffraction, DRIFT spectroscopy and low-temperature nitrogen adsorption. Furthermore, the samples were tested as adsorbents of different volatile organic compounds (VOCs). The PFA/MCM-48 materials showed the high adsorption capacity only in the removal of polar molecules, whereas CMK-1 was effective in the elimination of linear alkanes and aromatic VOCs as well.
Introduction
A significantly increasing concentration of volatile organic compounds (VOCs), including saturated and unsaturated aliphatic hydrocarbons, aromatic hydrocarbons as well as their derivatives, in the atmosphere is a serious environmental problem [1, 2] . These compounds are recognized to be responsible for changes in global climate, the formation of smog, many human health problems as well as the decay of plants and animals. Therefore, useful methods of elimination of organic pollutants emitted from anthropogenic sources, such as transport, chemical and petrochemical industries or waste utilization plants, have been intensively developed. Among them, adsorption processes using suitable adsorbents-usually activated carbons (ACs) [3] [4] [5] show a high removal efficiency and many other advantages.
Lignocellulosic biomass, coal and used polymers (e.g. poly(acrylonitrile), poly(vinyl chloride), poly(ethylene terephthalate)) are widely used for the production of ACs [6] [7] [8] [9] [10] [11] . However, the polymer-derived ACs usually exhibit superior structural characteristics (i.e. uniform composition, high carbon yield and low ash content) compared to the ACs prepared from the natural feedstock [12, 13] . During the production of ACs, carbonization of a raw material, performed in the temperature range of 600-900°C under an inert atmosphere, is often followed by physical activation (for example, treatment with steam or CO 2 ) and/or chemical activation (for example, reaction with KOH, ZnCl 2 or H 3 PO 4 ), resulting in a development of surface area and pore volume of formed ACs as well as changes in their surface composition [14] [15] [16] [17] [18] [19] [20] . A majority of ACs is microporous solids with very narrow channels, which can cause diffusion limitations restricting an access to inner adsorption centres and making ACs unregenerable [21] [22] [23] [24] .
Ordered mesoporous carbons (OMCs) show specific surface areas comparable to those of ACs, but their significantly wider pores enable migration of large organic molecules to the inner surface [25, 26] . OMCs are usually synthesized using: (1) soft-templating method with polymerization of a carbon precursor on micelles formed by a surfactant [27, 28] or (2) hard-templating method, which involves deposition of a carbon precursor inside pores of a rigid template [29] [30] [31] [32] [33] [34] [35] . The deposited carbon precursor is subsequently carbonized, and the soft or hard template is eliminated at elevated temperatures. The formed OMCs can be further activated using the same methods as mentioned above for ACs [36, 37] . The high surface area and specific surface composition cause OMCs to be active in adsorption of both small organic molecules (i.e. ethanol, toluene, n-hexane [38] ) and larger ones (i.e. dibenzothiophene [39] , aniline, fuchsine [40] , orthophenanthroline, 2,2 0 -bipyridine [41] ). An alternative approach to obtain carbon materials containing surface functional groups characteristic of ACs is deposition of thermally activated polymer film on a high surface area support (e.g. mesoporous silica) [42] . For this purpose, polyacrylonitrile (PAN) and poly(furfuryl alcohol) (PFA) have been mainly used due to their high carbon content and thermal stability [43] [44] [45] . The highest adsorption capacity in the elimination of ketones from the gas phase was achieved for mesoporous silica decorated with small amounts of PFA pyrolysed at 250°C. It was revealed that such carbonization conditions favour the formation of surface c-diketone moieties, which induce keto-enol tautomerization of ketone molecules and interact with them via hydrogen bonds [45] .
In the presented work, we compare two series of PFAderived carbon-containing materials: (1) mesoporous silica MCM-48 decorated with a film of thermally degraded PFA and (2) CMK-1 carbon replica produced by a complete filling of mesopores in MCM-48 with PFA, subsequent carbonization and etching of SiO 2 (Fig. 1) . The mechanism of thermal decomposition as well as changes in structural and textural properties of materials, which occur during thermal degradation of polymeric precursor supported on the MCM-48 surface under an inert atmosphere, is studied. The CMK-1 materials, described earlier in the literature, were usually synthesized by the introduction of sucrose (as the carbon precursor) into the channels of MCM-48 mesoporous silica through impregnation in the presence of sulphuric acid catalyst followed by mild carbonization [33, 46] . From this point of view, the presentation of PFA as another carbon precursor, which results in a simplified route of production of CMK-1 replica with different surface composition, seems to be interesting. On the other hand, we have optimized the thermal treatment conditions in a wide temperature range from 250°C to 1050°C showing their influence on the adsorption efficiency of the differently pyrolysed samples in the elimination of two polar (butan-2-one and propan-2-ol) and two non-polar (nheptane and toluene) adsorbates. Such study, which evidences a possibility of using of PFA-derived OMCs with the controlled structure and surface composition, has not been presented in the literature yet.
Experimental Synthesis

MCM-48
In order to obtain the MCM-48 silica support, 32 mL of cetyltrimethylammonium chloride (25 mass % in H 2 O, Aldrich) was mixed with 134 mL of distilled water, 210 mL of methanol (Sigma-Aldrich) and 60 mL of aqueous ammonia solution (25 %, Polish Chemicals Reagents) at room temperature under vigorous stirring. Then, 18 mL of tetraethyl orthosilicate (98 %, Aldrich) was added dropwise. The final mixture was agitated for 2 h. Subsequently, the white precipitate was filtered, washed with distilled water and dried at 80°C overnight. To remove the template, the dried material was calcined in air at 550°C for 6 h (at a heating rate of 1°C min -1 ).
PFA/MCM-48 composites
The PFAx/MCM-48 composite materials, where x = 0.10 and 1.25 indicate the intended poly(furfuryl alcohol)/ MCM-48 mass ratios, were synthesized as follows: 1.0 g of freshly calcined support was placed in a round-bottom flask and suspended in 100 mL of distilled water. Afterwards, 0. 
CMK-1 carbon replica
In order to leach silica from the thermally treated PFA1.25/ MCM-48 composites and to obtain corresponding CMK-1 carbon replicas, these samples were soaked twice in 1 M NaOH (30 mL g -1 ) for 24 h. After that, the resulting carbon replicas were washed five times with water, once with ethanol and dried at room temperature overnight.
Characterization
The thermal decomposition of the PFAx/MCM-48 composites was studied in a TA Instruments SDT Q600 thermogravimeter equipped with a TG/FTIR interface (Thermo Scientific) connected on-line with a Nicolet 6700 FTIR spectrometer. Ca. 10 mg of a sample was placed in a corundum crucible and outgassed in the flow of nitrogen (20 mL min -1 ) at room temperature for 1 h. Then, the temperature was increased to 1100°C at a heating rate of 20°C min -1 . The composition of gases evolved during the thermal treatment was analysed by collecting FTIR spectra in the wavenumber range of 650-4000 cm -1 at resolution of 4 cm -1 and time interval of 3 s. Additional TG measurements were taken without using of the FTIR device in flowing air (100 mL min -1 ) instead of N 2 to determine the content of PFA in the synthesized composites.
Elemental analysis was performed using a Flash 2000 (Thermo Scientific) CHN analyser. Powder X-ray diffraction patterns (XRD) were taken using a Bruker D2 Phaser diffractometer equipped with a Cu Ka radiation (k = 1.54184 Å ). The diffractograms were recorded in the 2h range of 0.5°-8.0°with a step of 0.02°and a count time of 1 s at each point. Low-temperature adsorption of nitrogen (77 K) was used to determine textural parameters of the studied materials. The adsorption-desorption isotherms were collected in an ASAP 2020 instrument (Micromeritics). Samples were initially outgassed at 250°C for 12 h. The obtained data were analysed using the BET (surface area, S BET ) and single point (total pore volume, V total ) models. Moreover, the NLDFT (in the case of the MCM-48 silica and the PFAx/MCM-48 composites) and QSDFT theory (in the case of the carbon replicas) were used for the calculation of mesopore volume (V meso ) and pore size distribution. DRIFT spectra were collected in a Nicolet 6700 (Thermo Scientific) FTIR spectrometer for samples diluted with KBr (4 mass %). Two hundred scans were taken using a liquid nitrogen-cooled MCT-A detector from 650 to 4000 cm -1 at resolution of 4 cm -1 .
Adsorption capacity
Ca. 100 mg of a sample was weighted in a stainless steel reactor. The adsorbent was heated up to 250°C in flowing N 2 (40 mL min -1 ) and kept at this temperature for 15 min. Afterwards, the oven was cooled down to a temperature, at which the relative vapour pressure of selected adsorbate (butan-2-one, propan-2-ol, n-heptane or toluene) was 0.25, and the flow of carrier gas (N 2 , 40 mL min -1 ), saturated with the VOCs vapour, was passed by the adsorbent bed until a flame ionization detector (FID) signal reached a plateau. After that, the system was purged with pure carrier gas in order to remove the physically adsorbed forms of VOC. Subsequently, temperature-programmed desorption (TPD) was performed by heating up to 250°C at a rate of 15°C min -1 in the flow of nitrogen (40 mL min -1 ). Finally, the sample was weighted in order to determine the exact mass of the run sample. The adsorption capacities were calculated from the TPD profiles after their integration. [44, 45] . The carbon contents in the studied materials are 1.7 and 29.4 %, respectively, and perfectly correspond to the calculated PFA/MCM-48 mass ratios.
The percentage mass loss observed during the TG measurements for the PFA0.10/MCM-48 sample is almost the same at both oxidizing and inert atmosphere (Fig. 2) . This effect can suggest that even in flowing N 2 , the content of oxygen, related to its presence on the composite surface in the form of adsorbed and deposited species, is enough to combust entirely the polymer film. Figure 2 shows that the process of PFA oxidation occurs in the temperature range of 290-590°C with the maximum at about 500°C, which corresponds to the CO 2 emission manifested by the appearance of two IR bands observed at 2310 and 2350 cm -1 [47] . This finding obviously shows that the PFA film is very temperature-sensitive, and only lowtemperature activation (below 290°C) can protect it against any significant damage. On the contrary, in the case of the PFA1.25/MCM-48 sample, the mass loss measured under the inert atmosphere is three times lower than in the presence of oxygen. This confirms another mechanism of thermal decomposition of PFA deposited in the SiO 2 pores, which occurs in the flowing N 2 . The polymer degradation, with emission of CO 2 (2310 and 2350 cm -1 ), CO (2110 and 2170 cm -1 ) and simple carbonyl compounds (1220 and 1740 cm -1 ) detached from the ends of polymer chain [48] , intensifies at about 300°C. The presence of carbonyl compounds is observed in the exhaust gases up to 650°C, while the bands attributed to CO and CO 2 are detected even at the higher temperatures. Furthermore, the IR bands at 1304 and 3015 cm -1 , which appear in the temperature range of 420-815°C, can be assigned to the production of gaseous methane during the PFA decomposition [49, 50] . At the temperatures higher than 815°C, the hydrogen content in the degraded polymer is probably too low to form CH 4 molecules. It should therefore be assumed that above 815°C, the PFA1.25/MCM-48 material undergoes only graphitization as well as combustion by the traces of oxygen present in the purging gas.
Structural and textural properties of PFA-derived adsorbents
PFA0.10/MCM-48 composites
As previously reported [51] , the structure of MCM-48 silica is thermally stable up to about 550°C. Nevertheless, we studied the changes in the structural properties of PFA0.10/MCM-48 in the temperature range of 250-1050°C using the XRD method (Fig. 3a) . Both pristine MCM-48 and PFA0.10/MCM-48 composites pyrolysed at relatively low temperatures exhibit the (211) and (220) diffraction lines, which are typical of the cubic Ia 3 d mesostructure. The introduction of PFA followed by the thermal treatment results in the shift of (211) reflection towards higher angles. The a 0 lattice parameter calculated according to the formula of a 0 = 6 1/2 . d 211 changes the value from 8.3 nm for the pristine MCM-48 silica to 8.0 nm for PFA0.10/MCM-48 activated at 250°C. A further increase in temperature causes a gradual lowering of a 0 value, finally to 7.1 nm for 850°C and 6.6 nm for 950°C. The observed effect is explained by the shrinkage of material structure. After activation at the highest temperature, no reflection is present in the XRD pattern, suggesting the complete destruction of the porous structure of MCM-48.
The DRIFT spectra collected for the thermally activated PFA0.10/MCM-48 composite are compiled in Fig. 4a . It is clear that the increase in temperature results in the disappearance of the weak IR bands, attributed to the aliphatic -CH and -CH 2 stretching vibrations (2850, 2920 and 2970 cm -1 ) in PFA deposited on the MCM-48 surface. Moreover, the decrease in the intensity of wide band at 3200-3550 cm -1 , corresponding to the Si-OH-PFA interactions, connected with the increase in the intensity of sharp band at 3745 cm -1 related to the vibrations of free silanols, is observed. All these changes confirm the removal of PFA film covering the MCM-48 surface, observed by the TG analysis during the thermal treatment at the inert atmosphere (Fig. 2) . It is not surprising that after heating at 1050°C, no bands characteristic of the vibrations of silanols and degraded PFA are found.
The nitrogen adsorption isotherms and pore size distribution (Fig. 5) as well as determined textural parameters (Table 1) reveal that after the deposition of PFA in the pore system of MCM-48, the BET surface area as well as mesopore and total pore volume of the silica support decrease, and simultaneously, the micropore volume increases. The pore structure of the PFA0.10/MCM-48 composite is entirely stable up to 550°C. Above this temperature, the material begins to be transformed into an amorphous, non-porous solid. This effect is the most distinct in the case of the sample carbonized at 1050°C, Pore size/nm which has the BET surface area and the total pore volume about 98-99 % lower than that pyrolysed at 250°C.
CMK-1 carbon replicas
The XRD patterns of CMK-1 carbon replicas carbonized at temperatures below 650°C (Fig. 3b ) reveal that these materials have no ordered mesoporous structure. Probably, so low carbonization temperatures do not provide the formation of rigid carbon backbone, which would be stable after the leaching of SiO 2 template. However, the thermal treatment of PFA1.25/MCM-48 at 650°C or higher temperature followed by the silica removal leads to the appearance of (110) and (211) diffraction lines characteristic of the cubic I4 1 32 mesostructure. As in the case of the PFA0.10/MCM-48 composite, the increase in the activation temperature causes a slight shift of reflections to higher angles in the final CMK-1 replicas (the a 0 lattice parameter, calculated according to the formula of a 0 = 2 1/2 Á d 110 , changes its value from 7.8 nm for 650°C to 7.3 nm for 1050°C). The CMK-1 sample obtained by carbonization at 750°C shows certainly the most ordered structure. Figure 4b shows the DRIFT spectra of the PFA1.25/ MCM-48 material after carbonization at different temperatures and the SiO 2 leaching. The IR bands related to the presence of partially degraded PFA at 3400 cm -1 (-OH stretching), 3115 cm -1 (-CH in aromatic rings), 2960, 2920 and 2860 cm -1 (aliphatic -CH and -CH 2 stretching vibrations), 1710 cm -1 (C=O stretching vibrations), 1600 cm -1 (aromatic C=C), 1500 cm -1 (furan ring vibrations), 1430 cm -1 (asymmetric bending CH 2 vibrations), 1355 cm -1 (-CH furan ring deformation), 1020 cm -1
(asymmetric and symmetric = C-O-C = vibrations in 2-substituted furan ring) and 795 cm -1 (the vibrations of C-C bonds in 2,5-disubstituted furan rings forming the polymer chain) are clearly observed up to 550°C. The further raising temperature results in the disappearance of these features due to the complete carbonization of PFA precursor. No new bands are distinguished in the DRIFT spectra, because the black material is characterized by high infrared absorbance.
The results of low-temperature N 2 adsorption of nitrogen ( Fig. 5; Table 1 ) confirm the evolution of CMK-1 structure with the carbonization temperature. It is obvious that the rigid framework is formed after carbonization at temperature of 650°C or even higher. This effect is manifested by a significant increase in the BET surface area as well as the mesopore volume. The CMK-1 porous structure is stable even at the highest carbonization temperature of 1050°C when the carbon shrinkage and decomposition of surface functional groups are highly intensified. The comparison of textural properties for this sample to data collected for PFA0.10/MCM-48 pyrolysed at the same temperature reveals that the presence of PFA entirely filling the mesopores of silica protects it against structural decomposition.
Adsorption capacity of PFA/MCM-48 and CMK-1 pyrolysed at different temperatures
As shown in Fig. 6 , the thermally treated PFA0.1/MCM-48 composites thermally activated at low temperatures are effective in adsorption of polar VOCs (butan-2-one and propan-2-ol). Increasing thermal treatment temperature leads to a gradual lowering of the adsorption capacity, which is mainly related to the progressive polymer decomposition and the elimination of surface carbonyl moieties responsible for the enhanced efficiency in the adsorption process. The high polarity of pristine silica as well as the PFA modifier causes the studied composite materials to have negligible adsorption capacity in the removal of non-polar molecules of linear alkanes and aromatic compounds (n-heptane and toluene). On the other hand, the adsorption capacity of CMK-1 carbon replicas increases with the carbonization temperature. There are at least two important reasons, which explain that fact. Firstly, the carbon materials obtained from the PFA1.25/MCM-48 composite pyrolysed at lower temperatures do not maintain the structure of template and their textural parameters are rather poor influencing the low surface concentration of adsorption centres. Secondly, the surface composition of carbon after the leaching of silica template is completely different than that of the PFA/ MCM-48 composites. The diffusion limitations during thermal treatment of MCM-48 with the pore system completely filled with PFA substantially change the mechanism of polymer degradation. In the consequence, the CMK-1 carbon replicas obtained from the PFA1.25/MCM-48 composite carbonized at higher temperatures exhibit the affinity to both polar and non-polar adsorbates. It is most likely that the oxygen moieties co-exist with graphitic domains favouring the adsorption of various VOCs molecules. The highest adsorption capacity is achieved for the CMK-1 material carbonized at 950°C, in which the content of these species is balanced. The higher pyrolysis temperature could effectively remove the oxygen-containing groups, and too much graphitic domains appeared.
Conclusions
The mechanism of degradation of PFA deposited on the surface of MCM-48 mesoporous silica is strongly influenced by the content of polymer in the PFA/MCM-48 composite. Even in flowing nitrogen, the thin film of PFA (PFA0.10/MCM-48) is completely oxidized in the temperature range of 290-590°C due to the presence of oxidizing species on the composite surface. On the other hand, the 3D structure of PFA located in the MCM-48 channels (PFA1.25/MCM-48) has a relatively large amount of bulk, which remains unattainable for the oxidizing agents. It allows to obtain the stable carbon structure with varying number of oxygen-containing surface functionalities and degree of graphitization.
It was observed that both PFA/MCM-48 composites and PFA-derived CMK-1 carbon replicas exhibit the cubic structure with an extremely expanded surface area and porosity. These features, controlled by the choice of conditions used during the thermal treatment, cause these materials to be very efficient adsorbents of VOCs. However, the surface composition and polarity affect the adsorption selectivity. The PFA/MCM-48 composites show the high adsorption capacity only in the removal of polar molecules, whereas CMK-1 carbons are also effective in the elimination of linear alkanes and aromatic VOCs.
